Mixl1
, the sole murine homologue of the Xenopus Mix͞Bix family of homeobox transcription factors, is essential for the patterning of axial mesendodermal structures during early embryogenesis. Gene targeting and overexpression studies have implicated Mixl1 as a regulator of hematopoiesis arising in differentiating embryonic stem cells. To assess the role of Mixl1 in the regulation of adult hematopoiesis, we overexpressed Mixl1 in murine bone marrow using a retroviral transduction͞transplantation model. Enforced expression of Mixl1 profoundly perturbed hematopoietic lineage commitment and differentiation, giving rise to abnormal myeloid progenitors and impairing erythroid and lymphoid differentiation. Moreover, all mice reconstituted with Mixl1-transduced bone marrow developed fatal, transplantable acute myeloid leukemia with a mean latency period of 200 days. These observations establish a link between enforced Mixl1 expression and leukemogenesis in the mouse.
mouse ͉ retrovirus ͉ Mix.1 ͉ granulocyte macrophage progenitor G enes that regulate blood formation in the embryo can also play key roles in the regulation of adult blood stem cells and the specification of hematopoietic cell lineages and are frequently implicated in the genesis of hematopoietic malignancies such as leukemia and lymphoma. One such family of genes is the homeobox gene family of DNA-binding proteins. Class I homeobox (Hox) genes consist of 13 paralogous groups organized into four clusters that direct anteroposterior patterning during embryogenesis. Class II divergent homeobox genes are dispersed throughout the genome, generally have restricted patterns of gene expression, and function to direct embryonic development, organogenesis, or cellular differentiation. Gene knockout studies have shown that members of both classes of homeobox proteins play important roles in hematopoiesis, influencing hematopoietic stem cell renewal, lineage commitment, and differentiation. Enforced overexpression studies in mice, together with gene expression profiling of human leukemias, have implicated homeobox proteins in leukemic transformation (1) .
Mixl1, a class II homeobox gene of the Paired-like subclass, is the sole murine orthologue of the Xenopus Mix͞Bix gene family (2, 3) . Xenopus and zebrafish Mix͞Bix genes are induced by TGF-␤ family ligands in the gastrulation-stage embryo and have been implicated in mesendodermal development (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Mix.1, the founding member of the Xenopus Mix͞Bix gene family, was first identified as an immediate-early response gene to activin stimulation and was rediscovered during a screen for factors that ventralized the Xenopus embryo (4, 14) . Overexpression of Mix.1 altered cell fate in the developing Xenopus embryo, resulting in increased blood formation and suggesting that it may be a regulator of hematopoiesis (14) .
During murine embryogenesis, Mixl1 expression is detectable in mesodermal progenitors that give rise to the first blood cells and in fetal liver colony-forming cells (CFCs) and can be induced by TGF-␤ family ligands (3, (15) (16) (17) . Mixl1-null embryos die at embryonic day 8 with complex defects in axial mesendodermal structures, precluding detailed analysis of the role of Mixl1 in hematopoiesis (18) . The in vitro differentiation of murine embryonic stem cells as embryoid bodies recapitulates many aspects of hematopoietic development (19) . Early in embryoid body differentiation, Mixl1 is expressed in the Brachyury ϩ ͞Flk ϩ cell population that gives rise to hemangioblasts. Moreover, hemangioblasts are enriched in the Mixl1-expressing population, and Mixl1-null embryonic stem cells display a defect in differentiation into hematopoietic cells characterized by reduced and delayed Flk1 expression and decreased formation of CFCs (15, 16) . Recently, the precocious induction of Mixl1 in differentiating embryoid bodies was found to increase the numbers of mesodermal, hemangioblast, and hematopoietic progenitors (20) .
Human MIXL was shown to activate Xenopus ␣-T4 globin in Xenopus animal cap assays when basic fibroblast growth factor was used to induce mesoderm, indicating that MIXL1 could drive mesoderm to a hematopoietic cell fate (21) . MIXL1 expression has been reported in hematopoietic tissues, and MIXL1 protein was detected in leukemic cell lines and biopsy samples from patients with high-grade lymphoma (21, ¶).
To determine the consequences of enforced Mixl1 expression on adult hematopoiesis, lethally irradiated mice were reconstituted with bone marrow cells transduced with a Mixl1-expressing retrovirus. We found that enforced Mixl1 expression perturbed hematopoietic commitment and differentiation, resulting in an accumulation of cells of the myeloid lineage and blocking the production of erythroid and lymphoid cells. Moreover, after a latency period, the mice developed acute myeloid leukemia (AML). The results demonstrate that enforced Mixl1 expression dysregulates normal hematopoiesis and implicate Mixl1 as a putative oncogene.
into lethally irradiated syngeneic hosts. Primary recipients were chimeras, because they received a mixture of transduced and nontransduced cells. The percentage of peripheral blood leukocytes expressing retrovirus was determined by flow cytometry at 8, 12, and 16 weeks after reconstitution. In mice receiving controltransfected bone marrow, the percentage of GFP-positive cells remained constant, whereas in mice receiving Mixl1-transduced bone marrow the percentage of GFP-positive, Mixl1-expressing cells increased with time (Fig. 1C) .
Healthy recipient mice between 14 and 20 weeks of age were killed for analysis. GFP-positive cells accounted for 25-80% of bone marrow cells in both the experimental (Mixl1) and control (vector only) groups of animals. Hematocrits and total white blood cell counts were similar in both groups, but platelet counts were reduced in mice receiving Mixl1-transduced bone marrow (control, 824 Ϯ 256, n ϭ 7; Mixl1, 421 Ϯ 272, n ϭ 16; P Ͻ 0.05). Gross and histological examinations were normal, with the exception of the spleens of mice transplanted with Mixl1-transduced bone marrow, which were increased in size and contained elevated numbers of granulocytic cells in the red pulp. Peripheral blood, bone marrow, and spleen from recipient mice were analyzed by flow cytometry using a panel of lineage-specific fluorescent antibodies and GFP as a marker for transduction. In control mice, the lineage compositions of the GFP-positive and -negative cellular fractions were similar. In contrast, although the GFP-negative fractions from peripheral blood, bone marrow, and spleen of Mixl1-transduced mice contained granulocytic, erythroid, and B and T lymphoid cells, the GFP-positive fractions exhibited a marked expansion of Mac-1͞ ϩ Gr-1 Ϫ cells and decreased numbers of erythroid and lymphoid cells. Twenty to 50% of Mixl1-expressing bone marrow and spleen cells expressed c-kit (Fig. 2 ). In keeping with the immunophenotypic profile, differential counts of cytospins of GFP-positive cells from mice receiving Mixl1-transduced bone marrow showed an increased proportion of blast cells and immature myeloid cells.
To examine the effect of enforced Mixl1 expression on defined bone marrow progenitors, we isolated lineage-negative (lin Ϫ ) bone marrow cells of Mixl1-transduced or control animals and used immunophenotypic criteria to determine the percentage of early myeloid progenitors in the GFP-positive and -negative fractions (23, 24) . In Mixl1-expressing bone marrow, the percentages of hematopoietic stem cell-enriched (lin Ϫ ͞Sca-1 ϩ ͞c-kit ϩ ) and myeloid progenitor-enriched (lin Ϫ ͞IL-7R-␣ Ϫ ͞Sca-1 Ϫ ͞c-kit ϩ ) cells were in- creased (Fig. 3A) . In control-transduced bone marrow the three typical groups of myeloid progenitors: common myeloid progeni-
ϩ population was composed of atypical myeloid progenitor populations with an increased percentage of cells with the phenotypic features of GMPs, reduced CMPs, and an abnormal MEP-like population (Fig. 3B) .
CFCs in the GFP-positive and -negative fractions of bone marrow from mice reconstituted with control or Mixl1-transduced bone marrow were assayed by culture in semisolid agar with a range of cytokines. Whereas GFP-positive and -negative fractions from bone marrow transduced with the control virus contained similar numbers and types of CFCs, blast and granulocytic colonies were increased up to 10-fold in the GFP-positive fraction from Mixl1-transduced bone marrow stimulated by granulocyte͞macrophage colony-stimulating factor (GM-CSF), IL-3, or stem cell factor plus IL-3 and erythropoietin. Strikingly, when stimulated by GM-CSF, Mixl1-transduced cells formed blast colonies (not normally observed with GM-CSF stimulation) and increased numbers of granulocytic colonies. The granulocytic colonies were of abnormal size and shape, but none exhibited autonomous proliferation. Numbers of granulocyte͞macrophage, macrophage, and megakaryocytic colonies tended to be reduced when compared with the GFP-negative fraction ( Table 1 ). The frequency of the colony-forming unit-spleen (CFU-S), an early pluripotent progenitor, in GFP-positive and -negative fractions was assayed. There were no significant differences in spleen weights or day 12 CFU-S numbers between mice and control-transduced (n ϭ 7) bone marrow. * , P Ͻ 0.01; ** , P Ͻ 0.001. (B)
Early myeloid progenitor populations in GFP-positive fractions of bone marrow from mice reconstituted with control (MSCV) or Mixl1-transduced bone marrow. In control transduced bone marrow, typical common myeloid pro-
, and megakaryocyte erythroid progenitor (MEP) (lin Ϫ ͞IL-7R-␣ Ϫ ͞Sca-1 Ϫ ͞c-kit ϩ ͞CD34 Ϫ ͞FcR-␥ low ) populations were present. Mixl1-transduced bone marrow contained an increased percentage of GMPs. Results are representative of three experiments.
Table 1. Colony formation by Mixl1-transduced and control bone marrow cells

Bone marrow fraction Stimulus
No. of colonies
Lethally irradiated mice were reconstituted with bone marrow transduced with MSCV-Mixl1-GFP or control (MSCV) retrovirus. The mice were sacrificed 14 -20 weeks later, and bone marrow was sorted into GFP-positive and -negative fractions. Cells (n ϭ 2,000) were plated in semisolid agar cultures with cytokines as listed, and colonies were enumerated after 7 days. Colonies were fixed, stained, and examined microscopically to identify them as blast (B), granulocyte (G), granulocyte macrophage (GM), macrophage (M), eosinophil (EO), or megakaryocyte (MEG). Numbers in bold indicate P Ͻ 0.001. GM-CSF, granulocyte/ macrophage colony-stimulating factor; G-CSF, granulocyte colony-stimulating factor; M-CSF, macrophage colony-stimulating factor; SCF, stem cell factor; Epo, erythropoietin. Numbers in bold: P Ͻ 0.001. Blank spaces indicate assays in which colonies are not stimulated by the cytokine added.
receiving GFP-positive and -negative fractions from control or Mixl1-transduced bone marrow (data not shown). Taken together, these results indicate that Mixl1 overexpression in bone marrow stem cells results in intrinsic abnormalities of hematopoietic differentiation. Hematopoietic differentiation is skewed with an expansion of abnormal myeloid progenitor cells and reduced numbers of erythroid and lymphoid cells.
Enforced Mixl1 Expression Results in AML.
Cohorts of mice receiving control or Mixl1-expressing bone marrow were monitored for the development of disease. In contrast with control mice, which remained well, all recipients of Mixl1-transduced bone marrow developed a fatal AML with a median onset of 200 days (range of 95-325 days) (Fig. 4) . Disease onset varied with the percentage of GFP-positive cells in the peripheral blood at 12 weeks. Full blood examination revealed anemia, thrombocytopenia, and circulating blast cells. The mice exhibited marked splenomegaly and variable hepatomegaly ( Table 2 ). Histological analysis revealed massive invasion of the bone marrow, spleen, and liver by leukemic blast cells and a variable component of more differentiated granulocytic cells. Other organs were infiltrated less frequently (Fig. 5) . Flow cytometric analysis showed that the majority of GFP-positive cells from leukemic bone marrow or spleen were negative for lymphoid, erythroid, and megakaryocytic antigens with a variable proportion of cells expressing c-kit (range of 10-33%) or Mac-1 (range of 5-30%), indicating myeloid differentiation (Fig. 6 ). Differential counts indicated that the majority of GFP-positive cells were blast cells with some immature myeloid cells. These features fit the diagnostic criteria for AML with maturation (25) . Clonal cultures of GFP-positive cells from bone marrow or spleen of leukemic mice gave rise mainly to abnormal, small colonies composed of loosely dispersed cells with a blast-like morphology. The leukemic CFCs did not exhibit an extended capacity for self-generation and most were factor-dependent, although some factor-independent CFCs arose in unstimulated cultures. Cultures of GFP-negative cells from leukemic mice exhibited normal colony formation (Table 3 ). In all cases tested (n ϭ 12), the leukemia could be transplanted to nonirradiated syngeneic mice. Recipient mice receiving s.c. or i.v. cells developed leukemia with a mean latency of 50 days. The cells of the transplanted leukemias were GFP-positive, and their immunophenotype was similar to that of the primary leukemias except that fewer c-kit ϩ or Mac-1 ϩ cells were present. Histological examination of organs from mice receiving transplants of leukemic cells showed pathology similar to that observed in the primary mice. Southern analysis demonstrated that the leukemias were clonal or oligoclonal (data not shown). This, together with the long latency period before development of disease, indicated that the initial genetic change engineered in the hematopoietic stem cells was insufficient to induce disease.
Discussion
Enforced expression of Mixl1 in hematopoietic stem cells markedly perturbed hematopoiesis, expanding immature and mature myeloid cells and inhibiting erythroid, megakaryocytic, and lymphoid differentiation. In lineage-depleted Mixl1-transduced bone marrow, Sca-1 ϩ ͞c-kit ϩ cells and Sca-1 Ϫ ͞c-kit ϩ cells were increased, and the normal sequence of myeloid maturation, as represented by differences in cell surface markers that correlate with cell fate commitment, was perturbed. The effect of Mixl1 expression on hematopoiesis and the development of leukemia prevented meaningful analysis of competitive repopulation assays. However, colony-forming unit-spleen (CFU-S) numbers in Mixl1-transduced bone marrow were not altered, suggesting that the increase in lin Ϫ ͞Sca-1 ϩ ͞c-kit ϩ and lin Ϫ ͞Sca-1 Ϫ ͞c-kit ϩ cells most likely reflects a difference in the numbers of multipotent progenitors, rather than repopulating cells. The findings contrast with the results of experiments in which precocious Mixl1 expression in embryoid bodies was shown to accelerate and expand hematopoiesis without bias or skewing of hematopoietic colony types as judged by marker gene expression, flow cytometry, and CFC assays (20) . This indicates that the transcriptional effects of Mixl1 are strongly modified by their cellular context.
After a latency period of several months, mice reconstituted with Mixl1-transduced bone marrow cells developed a transplantable AML characterized by anemia, thrombocytopenia, splenomegaly, and widespread infiltration of organs by blast cells. The time of disease onset depended on the size of the progenitor population at risk (percent of retrovirally transduced cells), and the delayed onset of leukemia indicated that additional genetic events are required for malignant transformation. Aberrant expression of HOX genes is associated with leukemic transformation in both mice and humans. Retroviral transduction͞transplantation studies have demonstrated roles for Hoxa9, HOXA10, HOXB3, HOXB6 , and HoxB8 genes in leukemic transformation in mice (26) (27) (28) (29) (30) , and gene expression profiling of acute leukemias has linked aberrant expression of HOX genes, in particular HOXA9, to myeloid leukemogenesis (31, 32) . More recently, HOX genes have also been implicated in lymphoid malignancy (33) . In contrast, nonclustered homeobox genes have been associated only rarely with leukemogenesis (1). Interestingly, ectopic expression of the protooncogene Cdx2, a nonclustered homeobox gene, was recently shown to cause myeloid leukemia in mice (34) . This may be due to the role of Cdx2 as an upstream regulator of Hox genes (35) . A critical question asks what distinct Mixl1 functions direct the predisposition to leukemia development. The in vivo hematopoietic effects induced by Mixl1 are reminiscent of the effects of the retroviral overexpression of HOX genes, as well as leukemia fusion genes such as NUP98-HOXD13, and it is possible that enforced expression of Mixl1 may effect an altered balance of expression and function of Hox genes.
MIXL1 protein has been detected in a number of human leukemic cell lines and is reported to be present in high-grade lymphoma (21, ¶). The absence of lymphoma phenotype in this work is probably a result of the enforcement of myeloid commitment in early stem cells. To date, MIXL1 expression has not been linked to human leukemia. The findings reported here make it important to ascertain whether transcriptional deregulation of MIXL1 is involved in the pathogenesis of human hematopoietic malignancy. Lethally irradiated mice were reconstituted with bone marrow transduced with MSCV-Mixl1-GFP retrovirus. Leukemic mice were killed, and bone marrow was sorted into GFP-positive and -negative fractions. Cells (n ϭ 2,000) were plated in semisolid agar cultures with cytokines as indicated. B, blast; G, granulocyte; GM, granulocyte macrophage; M, macrophage; EO, eosinophil; MEG, megakaryocyte; GM-CSF, granulocyte/macrophage colony-stimulating factor; G-CSF, granulocyte colony-stimulating factor; M-CSF, macrophage colony-stimulating factor; SCF, stem cell factor; Epo, erythropoietin. Blank spaces indicate assays in which colonies are not stimulated by the cytokine added.
